R896 Current Biology 27, R853-R909, September 11, 2017 Published by Elsevier Ltd. contingent on a clear, quantitative understanding of the integration of organism-environment relations by structural-functional trait complexes, and may help safeguard the future of this fascinating and diverse group of plants.
How to make a domesticate
Markus
*
The Neolithic Revolution brought about the transition from hunting and gathering to sedentary societies, laying the foundation for the development of modern civilizations. The primary innovation that facilitated these changes was the domestication of plants and animals. In the case of plants, this involved the cultivation and selection of individuals with larger edible parts, easier harvesting, and decreased defenses, traits that allowed for the production of a food surplus and occupational specialization. Plant domestication is a process which started approximately 10,000 years ago and has thereafter been repeated independently in many locales around the world. Here, we offer a perspective that seeks to predict what factors infl uence the success of domestication, how many genes contributed to the process, where these genes originated and the implications for de novo domestication.
What is a domesticate?
Defi ning domestication is not straightforward, and it is likely that no one concept fi ts all species. Here, we defi ne domestication as the process of adaptation to agro-ecological environments and human preferences by anthropogenic selection. The advantage of this defi nition is that it views the domestication status of a crop as a continuum rather than a binary trait, allowing for a spectrum of domestication from the simple tolerance or cultivation of wild plants (e.g., hops and many herbs) to semi-domesticated crops showing a number of agronomic adaptations (e.g., amaranth, fl ax and olive) and fully domesticated crops such as maize, barley and soybean. These and other crop species demonstrate that domestication is often gradual, ongoing and without easily defi ned start and end points. While much of the initial selection by humans was likely unintentional, fully domesticated Primer species have also adapted to intentional selection as well. Part of the reason why domestication may be diffi cult to defi ne is that it generally does not act upon a single trait but instead leads to a suite of morphological and physiological modifi cations that may differ among taxa. These changes typically affect traits related to production and human preferences (e.g., taste, seed and fruit size), and together are referred to as the domestication syndrome (Figure 1 ). The domestication syndrome frequently overlaps between crops with similar purposes, but may differ dramatically between those with distinct purposes. In cereals, for example, the domestication syndrome includes larger seeds as well as reduced seed shattering and dormancy, but these traits were likely of lesser importance for plants domesticated for leaves or fi ber. In addition to traits common to the domestication syndrome, many domesticates may also exhibit unique phenotypic changes as well as adaptations that have allowed them to spread outside of their initial geographic region of origin.
Which plants were domesticated?
Successful and widespread crops comprise only a tiny fraction of angiosperm species. From the over 250,000 described angiosperms only about 2,500 crops have been partially or fully domesticated, and of these only a dozen provide more than 90% of human staple food. In the following we discuss potential explanations for the selection of a species to be domesticated, including geography, life history, and genetics.
The domestication and adoption of crops was likely infl uenced by a number of regional and cultural factors. At least 15 centers of plant domestication have been robustly identifi ed by archaeological and other work, each giving rise to a different assemblage of domesticates. Often, several complementary crops were domesticated alongside in a single center of domestication. For instance, energy rich cereals such as wheat and barley were domesticated together with the protein rich legumes lentil and chickpea in the Fertile Crescent, a pattern mirrored by rice and soybean in Southeast Asia or maize and common bean in the Americas. This suggests Current Biology 27, R853-R909, September 11, 2017 R897 that domestication followed similar patterns independently in distinct regions by various cultures and that a major determinant of the success of domesticates was the utility a plant offered to early societies. And while geography undoubtedly infl uenced the early spread of domesticates, successful domesticates nonetheless hail from diverse geographical and cultural origins.
In addition to its geographic origin, a plant's life history may also infl uence the process of domestication. Annual plants have been very successful as domesticates, likely both because many annuals were ruderal species already adapted to disturbed environments and because the shortened generation time speeds up response to selection. Several crops show increased rates of self-fertilization compared to their wild ancestors, and self-fertilization also facilitates the maintenance of desired genotype combinations and lessens inbreeding depression. Nonetheless, the complexity of adaptation during domestication and the polygenic nature of many domestication traits suggests that at least some outcrossing likely played an important role even in primarily self-fertilizing species, providing an infl ux of new variation and the opportunity to combine favorable alleles on different genetic backgrounds. Asexual reproduction plays an important role in many perennial crops such as sweet potato, cassava and banana, and may allow a sort of 'instant domestication' by immediately fi xing particular combinations of traits while maintaining heterozygosity and avoiding inbreeding depression. But clonal propagation dramatically increases the effective generation time, and many modern crops that are propagated clonally probably reproduced sexually during much of their domestication history.
Factors such as polyploidy have also likely contributed to the success of (Figure 2 ). Consistent with this idea, recent work in maize has identifi ed substantial variation in domesticated maize for traits selected for during domestication, predominantly driven by loci with small, additive effects as expected for a trait under stabilizing selection to maintain the population mean. This idea is also supported by archaeological evidence in many crops, where even traits with known QTL of large effect -such as seed size in rice -show continual change in the archaeological record.
From whence benefi cial alleles?
A long-standing question in the study of evolution is whether domestication is limited by genetic variation and thus forced to wait for de novo mutations to generate benefi cial variation. Relative to other study systems, domestication offers the advantage that the direct wild ancestor of domesticated species is often known and can be assayed for the relevant variation. Observations of convergent evolution, in which multiple crops show similar genetic changes for similar traits, suggests that the genes that can be targeted by selection may be limited for at least some traits.
One such example is the Sh1 gene, important in the reduction of seed shattering in rice, maize and sorghum. And while it is diffi cult to rule out the existence of domestication alleles at low frequencies in natural populations, causal mutations for some traitssuch as the nonsynonymous mutation in teosinte glume architecture 1 that contributes to the reduction in hard fruit cases observed in maize -have never been observed in wild plants and appear to have been selected from de novo mutations. Given the polygenic nature of most domestication traits, however, it seems unlikely that adaptation to domestication could occur if it required new mutations at each of many loci. Although domestication phenotypes such as reduced shattering or lack of seed dormancy are likely deleterious in wild populations, alleles controlling these traits can be maintained at low population frequencies, especially for loss-of-function mutations in outcrossing plants where such alleles can be masked in a heterozygous state. Because most traits are polygenic and may be under stabilizing selection in both wild and domesticated populations, it is also likely that the fi tness consequences of an individual allele are not constant through time and may depend considerably on genetic background. Because selection is unlikely to reduce diversity around alleles already present on multiple haplotype backgrounds and alleles segregating in the population may not be present in the parents of individual mapping populations, the available evidence likely underestimates the importance of standing genetic variation, and these challenges are only magnifi ed as the number of genes contributing to a trait increases. Standing genetic variation is not limited to variants that affect phenotypes in the wild ancestor, however. Crossing studies have revealed substantial genetic variation for phenotypes not present in the wild ancestor. Such cryptic variation is seen for cob phenotypes in the maize ancestor teosinte that itself does not have a cob. Selection on these variants may be substantially less, exposed only in certain environments or until suffi cient phenotypic change is effected by alleles at other loci, but they may Current Biology 27, R853-R909, September 11, 2017 R899 adaptation from standing genetic variation, this implies that breeding, rather than modifi cation of a handful of genes, may prove a more effi cient means for future domestication efforts.
The experimental reproduction of domestication of wild species is likely a challenging endeavor and has yet to be accomplished. The fact the many crops have been independently domesticated multiple times suggests the idea is plausible, though in most cases multiple domestications were facilitated by gene fl ow among cultivated populations. De novo domestication of a new wild species may in fact be considerably more diffi cult, due in part to the complex genetic basis of domestication traits, limitations of life history, and the lengthy time required. Nevertheless, some recently adopted crops like sugar beet have shown dramatic adaptation in only the last few hundred years, and we argue that the early stages of such efforts may be reached rather quickly with careful selection of candidate species and modern breeding methods such as genomic selection and high throughput phenotyping.
Finally, we believe that better integrating the considerations discussed above into studies of crop domestication will facilitate our nonetheless be an important source of large effect alleles that would otherwise be rare in the wild. Related wild taxa, which may have novel traits or have adapted to novel environments, provide yet another source for potentially adaptive variation. Adaptive introgression from wild relatives appears to have been important for a number of crops, facilitating local adaptation and even agronomic improvement in a number of species including apple, maize, tomato, and sunfl ower.
How long did it take?
The timing of crop domestication is tightly linked to human history, though how and why foragers became farmers is still a matter of some controversy. Domestication plausibly began when hunters and gatherers living in semi-permanent settlements planted desirable plants, eventually creating ecologically novel garden and fi eld niches for those plants that fostered the planting-harvesting-replanting cycle required for domestication. And while Darwin described domestication as an example of accelerated evolution [3] , determining the duration of a continuous process such as domestication is diffi cult and attempts to do so remain controversial, with studies from multiple angles coming to different conclusions. Population genetic analyses, for example, fi nd that individual large-effect alleles could fi x very rapidly, and early experimental studies in the fi eld suggest that single domestication traits could change dramatically in as little as 30 years. In stark contrast to these results, however, archaeological remains indicate that important traits such as seed and infructescence size or seed shattering remained variable over millennia, changing only incrementally over time. Although these results appear contradictory, we argue that they are in fact consistent with a model of selection on a polygenic trait. Loci with the largest effects should experience rapid changes in allele frequency, perhaps moving the population mean considerably over shorter periods of time. But because large effect loci explain a minority of the phenotypic difference between wild and domesticated taxa, phenotypic change would continue to be observed for long periods of time.
Archaeological remains provide valuable insights into phenotypic change, even though most early crop remains are small and allow inference of only a few phenotypes of interest. The addition of DNA extracted from archaeological samples, however, offers the opportunity to better understand the timing of selection during domestication. Comparison of known domestication genes in maize and barley, for example, have shown the intermediate domestication state of 5,000 to 6,000-year-old samples. The current outlook is that the above studies, while powerful, may only be scratching the surface of the overall potential of the role of ancient DNA in crop domestication. Recent methodological developments allow study of polygenic traits in ancient samples by looking for coordinated shifts in allele frequency across loci associated with phenotypic variation in extant samples. We predict that effective interrogation of ancient samples, using these and other approaches, will rapidly allow a much more detailed analysis of the duration and process of selection for many important crops.
Where to go next?
We have proposed that domestication is best thought of as an adaptive process instead of a binary trait, often resulting in gradual change without clear-cut phases. This process is complex, and we have argued that successful domestication depends on a number of intrinsic and extrinsic factors, including life history, utility, polyploidy, and large effective population sizes. Nonetheless, more careful consideration of the relative importance of these factors and how they act in concert could provide a useful basis for considering which plants might make good candidates for domestication and better understanding why domestication of some plants appears to have failed. While it may be ultimately diffi cult to identify the origin of every functional allele and most work to date has focused on alleles of large effect, we argue that most traits are polygenic and that much of the variation important for domestication existed as standing variation already segregating in wild populations. If domestication indeed proceeded via polygenic understanding of plant adaptation to anthropogenic environments and help clarify the utility of studying domestication as an example of experimental evolution -an idea championed by Darwin nearly 150 years ago.
